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Abstract：As an important scheme of future global mobile satellite communication systems to provide multi-
media service, a Double-Layer Satellite Network (DLSN) with MEO satellites and LEO satellites is proposed. 
The Inter-Orbit-Links (IOLs) between layers is an essential factor, which affects the performances of the DLSN 
systems. Considering certain constellation parameters, the geometric characteristics of IOLs are described and 
the connectivity of MEO satellites and LEO satellites in the DLSN is analyzed. By computer simulation, the  
results show that IOLs should be selectively established according to certain parameters rather than the simple 
in-sight principle. 
Key words：double-layer satellite network；MEO/LEO；inter-orbit-links；connectivity 
MEO/LEO双层卫星网络中层间链路的连接度分析. 王振永，李集林，郭  庆，顾学迈. 中国航空学
报(英文版)，2006, 19(4)：340-345. 
摘  要：作为未来卫星移动通信系统的一个重要的研究方向，提出了一种由 MEO 卫星和 LEO    
卫星共同组成的双层卫星网络(Double-Layer Satellite Network，DLSN)，以更好为用户提供多媒  
体服务。作为多层卫星网络的一个重要的研究内容，连接不同高度上卫星的层间链路
(Inter-Orbit-Links, IOLs)的特性对于整个 DLSN 网络的性能会有很大的影响。根据所设计的多层  
卫星网络的星座参数，通过对层间链路几何特性的研究，分析了多层卫星网络中 MEO 卫星与   
LEO 卫星的连接度性能。采用计算机仿真的方法，给出了层间链路连接度的特性。结果表明，     
为了提高网络性能，在多层卫星网络中应按照一定参数有选择的建立层间链路，而不是简单的   
采用视距可见原则建立层间链路。 
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The next generation mobile satellite commu-
nication systems are required to provide users with 
high quality multi-media services of seamless cov-
erage, high mobility and guarantees of Quality of 
Service (QoS). A space-based-internet is constructed 
by satellites with powerful onboard processing and 
switching capabilities, which  are connected by 
Inter-Satellite-Links (ISLs). Medium Earth Orbit 
(MEO) satellite systems and Low Earth Orbit (LEO) 
satellite systems are more suitable for broadband 
multimedia service because of lower signal attenua-
tion and delay[1-4]. 
Although the single layer satellite network 
constructed by LEO satellites or MEO satellites can 
provide multi-media services to a certain extent, the 
capabilities and performances are restricted by sim-
plex orbit type. Large constellations cause high ac-
cumulated delay because of multi-hops. Frequent 
handovers increase block probability of routing and 
re-routing, which causes congestions. Planar topol-
ogy of single layer satellite network leads to low 
stability. Due to the high speed of movement of sat-
ellite, it is hard for acquisition, tracking and point-
ing to establish and maintain ISLs.  
So some layered satellite systems are proposed. 
In 1997, Kimura first proposed Double-Layer Satel-
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lite Constellation (DLSC), which consists of MEO 
and LEO satellites[5]. In DLSC, there are ISLs 
among MEO satellites, and no ISLs in LEO satel-
lites. Every MEO satellite is connected to in-sight 
LEO satellites through IOLs. By geometric analy- 
sis, better performances of coverage, elevation and 
constellation flexibility are achieved in DLSC, but 
no detail of the DLSC is described. Satellite over 
Satellite (SoS) system with MEO and LEO satel-
lites was proposed by Jae-Wook Lee in 2000, in 
which there were ISLs in each layer and IOLs be-
tween layers[6]. Short-Distance-Dependent (SDD) 
services are transmitted by ISLs in LEO layer, and 
Long-Distance-Dependent (LDD) traffics are re-
layed by MEO satellites with IOLs. However, in the 
SoS network, equatorial orbit is used in the MEO 
constellation, and polar orbit is used in the LEO 
constellation, which makes it difficult to maintain 
ISLs and IOLs. Similar to SoS network, Hu Jianhao 
proposed a LEO&MEO double layer satellite sys-
tem in 2001, in which 16 MEO satellites were 
used[7]. Every MEO satellite is connected to all 
in-sight LEO satellites, which enhances the stability 
of the whole LEO&MEO network. The in-sight 
connection required large number of transceivers on 
MEO satellite so as to increase the complexity of 
MEO satellite and payload. In 2002, Ian Akyildiz 
proposed a more complicated multi-layered satellite 
system with GEO, MEO and LEO satellites to in-
crease the capacity, reliability, and performances in 
global scale communications[8]. All above re-
searches paid more attention to layered satellite 
network architecture and routing protocols. 
It is important for ISLs and IOLs to construct a 
network in space, especially for layered satellite 
network. ISLs’ azimuth in LEO constellations are 
analyzed in Ref.[9], variation of pointing azimuth of 
ISLs is investigated in Ref.[10], but there is insuffi-
cient analysis of the parameters of distance of ISLs. 
More works are focused on ISLs in LEO constella-
tions, and the effects of constellations on geometric 
parameters of ISLs are mainly analyzed[11,12]. 
In this paper, IOLs between MEO layer and 
LEO layer are analyzed to provide foundation of 
IOLs design and routing optimization in order to 
construct the DLSN. Walker constellation[13] is used 
in the DLSN to facilitate the establishment of ISLs 
and IOLs. In the proposed MEO/LEO constellations 
of DLSN, variations of geometric parameters of 
IOLs are expressed. Connectivity of IOLs is ana-
lyzed in a simple-connected model of DLSN. 
1  Double-Layer Satellite Network 
1.1  Architecture 
LEO satellites are found at altitudes ranging 
from 500 km to 1 000 km and suitable for real-time 
services. Because of low attenuation of signal, it is 
possible for mobile users to use handhold terminals 
with lower EIRP and smaller antennas. However, a 
large number of LEO satellites are required for total 
global coverage due to low altitudes, and it is hard 
to establish ISLs owing to the time varying network 
topology. Especially for LDD traffic in broadband 
LEO networks, several tens of hops through ISLs 
are required, and total transmission delay become 
larger due to processing and queuing at all the satel-
lites on the path, so as to decrease performances of 
overall network.  
MEO satellites are at altitudes ranging from 
10 000 km to 20 000 km, so the transmission delay 
is higher than those of LEO satellites and more 
EIRP is required at user terminals. Compared with 
LEO network, fewer MEO satellites are required in 
constellations to provide global coverage, which 
leads to a simple topology of MEO networks. It is 
easier to establish and maintain ISLs among MEO 
satellites, which simplifies routing and handoff 
strategies. For LDD traffics, the total transmission 
delay in MEO systems is less than those of LEO 
systems because of fewer hops and higher onboard 
processing capability of MEO satellites. 
The DLSN architecture consists of two layers 
both with global coverage. Currently MEO and 
LEO satellite networks exist individually. As 
stated before, collaborative use increases the ca-
pacity, reliability and performance in global scale 
communications. 
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(1) MEO Layer  The MEO layer refers to the 
collection of all MEO satellites in the network. 
There are ISLs among MEO satellites to form a par-
tial fully connected network. In DLSN, MEO satel-
lites act as switching nodes to provide all necessary 
traffics switching among MEO satellites, LEO sat-
ellites and the ground gateway stations. LDD traf-
fics are all relayed by MEO satellites within QoS 
boundaries to reduce the satellite hops.  
(2) LEO Layer  The LEO layer consists of all 
LEO satellites in the DSLN, which acts as the ser- 
vice access nodes for mobile users. ISLs are used in 
LEO layer to support the local switching capability 
among neighbor LEO satellites. The SDD traffics 
are directly switched by ISLs in LEO layer. 
As shown in Fig.1, a simple-connected model 
of DLSN is proposed, in which there is no need of 
MEO satellites to connect every in-sight LEO satel-
lites. IOLs are selectively established to construct 
the partial connections in order to simplify the pay-
loads of satellites. 
 
 
 
 
 
 
 
 
1.2  Constellations 
In walker constellation, the topological rela-
tionships among satellites in the same layer can be 
maintained, so ISLs can be set up easily. Constella-
tion parameters are shown in Table 1. The LEO con-
stellation is designed like Iridium to provide global 
coverage as access nodes to ground users. By   
constellation design and optimization, the 8 MEO 
satellite constellation is proposed for regional cov-
erage between south altitude 75º and north altitude 
75º with elevation of 20º. Every MEO satellite has 4 
permanent ISLs connecting its 4 neighboring MEO 
satellites, which leads to a stable topology of a pa-
tial fully connected network to construct a space 
backbone network for LEO satellites and ground users. 
Table 1  Constellation parameters 
 MEO LEO 
Altitude/km 10 363 789 
Inclination /(°) 43 86 
Number of planes 2 6 
Number of satellites 8 66 
Phase between adjacent planes/(°) 90 60 
Number of ISLs in same plane 2 2 
Number of ISLs between adjacent planes 2 2 
1.3  Links in the DLSN 
Three types of links are defined in the DLSN. 
(1) Inter-Satellite-Links  The communication 
within a layer is accomplished over ISLs. The LEO 
satellites are connected to four neighbors in the 
same layer via duplex ISLs. The MEO satellites are 
always connected to their four neighbors. According 
to the constellation designed above, the ISLs in 
MEO layer can be maintained permanently to pro-
vide a core switching network with stable topology. 
(2) Inter-Orbit-Links  The communications 
between satellites in different layers occur over 
IOLs. In the DLSN architecture, with IOLs, each 
MEO satellite selectively is connected to LEO satel-
lites in its coveragence. The satellites in the LEO 
layer maintain IOLs to one MEO satellite covering 
them. 
(3) User-Data-Links  Satellites communicate 
with users on the ground over UDLs. In the DLSN, 
to support the handhold terminals, mobile users can 
only be connected to LEO satellites. Terrestrial 
gateways with big antennas can maintain multiple 
UDLs with satellites in both MEO and LEO layers. 
2  Analysis on Connectivity of IOLs 
According to the constellations of the MEO 
layer and the LEO layer designed above, the exact 
positions of any MEO and LEO satellites can be 
calculated. Based on the positions of MEO and LEO 
Fig.1  Simple-connected mode of DLSN architecture 
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satellites, IOLs’ performances of ranges, azimuths 
and elevations between MEO satellites and LEO 
satellites will be achieved. 
As shown in Fig.1, the LEO satellites covered 
by a MEO satellite Mij are defined as a LEO group 
Lij { }ijijij KkkLL ,,1),( "==          (1) 
where Kij represents the number of LEO satellites in 
Lij. With analysis of footprints of MEO satellites on 
LEO layer, the connectivity of IOLs can be calcu-
lated to determine the number of IOLs maintained 
between Mij  and  Lij. 
2.1  Geometric of IOLs 
In Fig.2, O is the center of the earth, Sm and Sl 
denote the positions of a MEO satellite Mij and a 
LEO satellite Lij(k) respectively. The IOL connecting 
MEO satellite Mij and LEO satellite Lij(k) in the 
DLSN is represented by IOL(Sm-Sl). Sc is the cross-
ing point of line OSm and the sphere of LEO layer, 
so Sc has the same longitude and latitude as Sm. rlc is 
the arc between Sl and Sc, rmc is the beeline between 
Sm and Sc, rml is the beeline between Sm and Sl, 
which represents the length of IOL(Sm-Sl). 
 
 
 
 
 
 
 
Based on motion equation of circular orbit sat-
ellites in the earth inertial frame, longitudes lφ , mφ  
and latitudes lλ , mλ  of sub satellite points of 
LEO satellite Sl and MEO satellite Sm are achieved 
below by geometric analysis 
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where t is the time that satellites pass ascending 
node, im and il are the inclinations of the orbit of Sm 
and Sl, m°λ and l°λ  are the longitudes of ascending 
node of Sm and Sl, ωm and ωl are the angular veloci-
ties of Sm and Sl, mγ  and lγ  are the original 
phases in the orbit of Sm and Sl, Re is the radius of 
the earth, Rm and Rl are the altitudes of MEO layer 
and LEO layer. 
The distance rlc between Sl and Sc is shown in 
Eq.(4), the distance rmc between Sm and Sc is shown 
in Eq.(5). With geometric analysis, the distance rml 
between Sl and Sm can be achieved from Eq.(6). 
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As shown in Fig.3, the pointing elevation mlα  
of IOL(Sm-Sl) is expressed in Eq.(7), the pointing 
azimuth mlβ  of IOL(Sm-Sl) can be derived from 
the pointing azimuth lcβ  from Sl to Sc, as shown in 
Eq.(8), ∆  represents the margin of the longitude 
difference between the orbit of Sl and the vernal 
equinox and the longitude difference between the 
orbit of Sm and the vernal equinox, x  is the differ-
ence of the phase of Sl in the orbit and the phase of 
Sm in the orbit, as shown in Eq.(9). 
 
 
 
 
 
 
 
 
 
 
 
lc
mc
ml arctan r
r=α               (7) 
Fig.2  Geometry of IOLs 
Fig.3  Pointing azimuth of IOLs 
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2.2  Connectivity of IOLs 
Based on the positions of LEO and MEO satel-
lites and the footprints of MEO satellites, the con-
nectivity of IOLs can be calculated. Considering the 
movements of MEO and LEO satellites, the LEO 
satellite group Lij covered by the MEO satellite Mij 
is changing on the scale and composition.  
The MEO footprints on the LEO layer are 
needed to determine the connectivity of IOL(Sm-Sl). 
The half-sided center angle ψ  of footprints of the 
MEO satellite Sm on the LEO layer is calculated as 
Eq.(10) 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ×+
+−−= ° min
me
le
min cosarcsin90 εεψ RR
RR    (10) 
where Re is the radius of the earth, Rl and Rm are the 
altitudes of LEO satellites and MEO satellites, minε  
is the minimum elevation angle of MEO satellites 
from the LEO layer. 
From analysis above, the LEO satellite Sl is at 
( lφ , lλ ), and the MEO satellite Sm is at ( mφ , mλ ). 
For the LEO satellite Sl to be in the footprint of the 
MEO satellite Sm, the following condition must be 
satisfied in Eq.(11) 
ψ
)(2
||arcsin2
le
lc
lc RR
SSOSS +=∠       (11) 
3  Simulations and Performance Analysis 
Based on the constellations of the Dou-
ble-Layer Satellite Network proposed above in the 
Table 1, simulations are executed on the satellite 
simulation platform SATLAB. Because of symmetry 
and periodicity of the constellations, analysis of 
certain pair of a MEO satellites and a LEO satellite 
represents performances of the whole DLSN.  
In Fig.4, the characteristic of the length L(Sm- 
Sl) of IOL(Sm-Sl) shows that L(Sm-Sl) varies at 
range of 9 000-18 000 km with average of 14 000 
km. In Fig.5, the characteristic of the pointing ele-
vation E(Sm-Sl) of )IOL( lm SS -  shows that 
)( lm SSE −  varies at range of °° 90-62  with 
minimum of °3.61  and maximum of °1.89 . In 
Fig.6, the characteristic of the pointing azimuth 
A(Sm-Sl) of IOL(Sm-Sl) shows that A(Sm-Sl) has no 
determinate range with minimum of °5.3  and 
maximum of °2.357 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Fig.7, the relationship of minε and the con-
nectivity )( ijMη  of )IOL( lm SS -  is illustrated to 
show the number of IOLs that the MEO satellite can 
maintain with the LEO satellite. The )( ijMη  de-
creases along with increase of minε , which means 
that higher constraint on minε  leads to smaller 
scale of LEO group. 
The effect of half-sided center angle ψ  on the 
connectivity )( ijMη  is shown in Fig.8. The 
half-sided center angle ψ  represents the constraint 
on the length of IOL(Sm-Sl). The ( )ijMη  increases 
≤ 
Fig.4  The length of IOL(Sm-Sl) 
Fig.5  The pointing elevation of IOL(Sm-Sl) 
Fig.6  The pointing azimuth of IOL(Sm-Sl) 
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along with increase of ψ . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Conclusions 
A double-layer MEO/LEO satellite network is 
proposed to support broadband multimedia service 
for future global satellite communication systems. 
The network topology, functions of each layer and 
constellations are considered. Geometric character-
istics and the connectivity of Inter-Orbit-Links are 
analyzed. 
By simulations, geometric characteristics of 
IOLs and results of the connectivity are given out, 
which shows that the IOLs should be maintained 
according to the constraints of pointing elevation 
and length instead of the in-sight principle. Future 
study on Inter-Orbit-Links will be involved to opti-
mize the architecture of the DLSN. 
References 
[1] Dasilva J S. European third generation mobile systems[J]. IEEE 
Communications Magazine, 1996, 34(10): 68-78. 
[2] Guntsch A. EU R&D activities on third generation mobile satellite 
systems[J]. IEEE Communications Magazine, 1998, 36(2): 
104-110. 
[3] Vatalaro F. Analysis of LEO, MEO and GEO global mobile satellite 
systems in the presence of interference and fading[J]. IEEE Journal  
on Selected Areas in Communications, 1995, 13(2): 291-300. 
[4] Wiedeman R A. The globalstar mobile satellite system for world-
wide personal communications[J]. International Journal of Satellite 
Communications, 1995, 13(3): 291-296. 
[5] Kimura K, Inagaki K. Double layered inclined orbit constellation 
for advanced satellite communications network[J]. IEICE Transac-
tion on Communication, 1997, 8(1): 93-102. 
[6] Lee J, Kang S. Satellite over Satellite (SoS) network: a novel con-
cept of hierarchical architecture and routing in satellite net-
work[C]//IEEE 2000 Conference on Local Computer Networks, NJ: 
Piscataway, 2000: 392-399. 
[7]  Wu J H, Yueng K L. Routing and re-routing in a LEO/MEO two-tier 
mobile satellite communications system with inter-satellite 
links[C]//IEEE International Conference on Communications, New 
LA: Orleans, 2001: 134-138. 
[8]  Akyildiz F. MLSR: a novel routing algorithm for multilayered 
satellite IP networks[J]. IEEE/ACM Transactions on Networking, 
2002, 10(3): 411-424. 
[9]  Keller H. Link strategy for the mobile satellite system irid-
ium[C]//IEEE 46th Vehicular Technology Conference, 1996:1220- 
1224. 
[10] Keller H. Geometric aspects of polar and near polar circular orbits 
for the use of intersatellite links for global communica-
tion[C]//IEEE 48th Vehicular Technology Conference, 1998:199- 
204. 
[11] Li L L. Robust controller design for satellite attitude tracking sys-
tem[J]. Chinese Journal of Aeronautics, 2001, 14(2):94-99. 
[12] Zhou Y Y. Analysis of location accuracy for an emitter using satel-
lite-mounted interferometer[J]. Chinese Journal of Aeronautics, 
1998, 11(1):29-36. 
[13] Wang C J. Structural properties of a low earth orbit satellite con- 
stellation the walker delta network[C]//Globecom’93, 1993:93- 
102. 
Biography: 
WANG Zhen-yong  Born in 1977, 
he received B.S. and M.S. from 
Harbin Institute of Technolgy in 2000 
and 2002 respectively, and is on pro-
gress for PH.D. He has published sev- 
eral scientific papers on satellite net-
works and satellite conmunications in 
various periodicals. Tel: (0451) 86413513, 86419627；
E-mail: ZYWang@hit.edu.cn 
 
Fig.7  The relationship of minε  to )( ijMη  
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